The coal strength parameter is used in operations such as the selection and design of mechanical excavators and coal crushing/grinding equipment. However, coring or cutting prismatic specimens from coal for the standard strength tests is difficult, and sometimes not possible. For this reason a method for the indirect determination of coal strength from easy tests would be useful. In this study, the predictability of coal strength from the needle penetration test was investigated. This is a very easy and practical test method. Point load and needle penetration index (NPI) tests were carried out on coal specimens from Çayırhan coalfield in Turkey. The point load indexes were converted to the uniaxial compressive strength (UCS) values by using the general conversion factor. The UCS and NPI values were evaluated using regression analysis. A strong linear relationship was found between the two parameters. The conversion factor for the UCS-NPI ratio is 0.35 for the tested coal samples. It is concluded that the UCS of coal can be predicted from the NPI. coal, uniaxial compressive strength, needle penetration index.
Knowledge of coal strength is important for the selection and design of mechanical excavators and coal crushing and grinding equipment. Uniaxial compressive strength of coal is used in designing pillar dimensions in room and pillar mining. Coals always contain bedding planes and cleats; they are also brittle and fragile. Therefore, coring or cutting prismatic specimens from coal for the standard strength tests is difficult, and sometimes not possible. For this reason, a method for the estimation of coal strength from easy tests would be useful.
The needle penetration test is a nondestructive index test that is applicable both in the field and the laboratory and does not require any special sample preparation. The test has been used for the estimation of physical and mechanical properties of weak or soft rocks (Okada et al., 1985; Yamaguchi et al., 1997; Takahashi, Noto, and Yokokawa, 1988; Uchida et al., 2004; Aydan et al., 2006; Aydan, Watanabe, and Tokashiki, 2008; Aydan, 2012; Erguler and Ulusay, 2007; Park, Obara, and Kan, 2011; Ulusay and Erguler, 2012; Aydan and Ulusay, 2013; Aydan. Sato, and Yagi, 2014) . This study investigates the predictability of coal strength from the needle penetration test.
The needle penetration test was originally developed by MARUTO Testing Machine Company (1999) for estimating the uniaxial compressive strength (UCS) of soft rocks. Several researchers have used the needle penetration index (NPI) to estimate the uniaxial compressive strength of rocks (Okada et al., 1985; Yamaguchi et al., 1997; Takahashi, Noto, and Yokokawa, 1988; Uchida et al., 2004; Aydan et al., 2006; Aydan, Watanabe, and Tokashiki, 2008; Aydan, 2012; Erguler and Ulusay, 2007; Park, Obara, and Kan, 2011; Ulusay and Erguler, 2012) . Some researchers have also investigated the relations between the NPI and other rock properties such as tensile strength, Young's modulus (Aydan, 2012; Aydan and Ulusay, 2013; Aydan, Sato, and Yagi, 2014) , and P-and S-wave velocities (Aydan, 2012; Aydan, Sato, and Yagi, 2014) , cohesion, and friction angle (Aydan, Sato, and Yagi, 2014 Coal samples were provided from the Çayırhan underground lignite mine located in Çayırhan Town of Nallıhan County, 122 km west of Ankara, Turkey (Figure 1 ). The Cayirhan coal basin comprises a Miocene series termed M1, M2, M3, and M4 and Pliocene formation ( Figure  2 ). Coal seams are located in the M1 formation, which is some four kilometers wide and approximately 25 km long, elongated in a southwest to northeast direction (Haciosmanoglu, 2004) . There are two lignite seams -seams 1 and 2 -in the basin, which vary in thickness from 1.7 to 2.0 m. The two seams are separated by an interburden with a thickness of 1.3-2.0 m in the western part of the area and 0.5-0.7 m on the eastern side (Aydin and Kaygusuz, 2001 ).
The dry ash-free carbon content of the coals varies between 61% and 80%, which is a very large range, from lignite to high-volatile C bituminous coal rank. The average bed moisture of the samples was 24.3%, which puts them in the sub-bituminous coal rank. The major inorganic mineral phases found in the raw coal are clinoptilolite, analcime, and pyrite, with variable minor amounts of quartz, albiteanorthite, gypsum, marcasite, illite, dolomite, and apatite (Whateley et al., 1996) .
Several researchers have carried out mechanical and physical tests on Cayirhan coal. Their results are summarized in Table I .
The mine was visited and the block samples of coals were collected from the ten different locations (Table II, Figure 3 ) and transported to the laboratory for testing. L 588 VOLUME 117 (Figure 4 ). However, only 46 test results were accepted due to invalid failure modes observed in numerous specimens during testing due to the brittle nature of coal. After calculating point load index values, the results were corrected to a specimen diameter of 50 mm. Franklin (1985) suggests that the ratio between the UCS and point load index is approximately 22 for different rock types. Therefore, point load index values were multiplied by 22 and converted to the UCS values.
The needle penetrometer was developed by MARUTO Co. in Japan to estimate the UCS of soft rocks. It is a lightweight portable device with a weight of about 700 g. The needle is a hardened steel, 0.84 mm diameter rod with a conical tip. The major components of the device are a plunger, chuck, penetration scale (0-10 mm in 1 mm graduations), load scale (0-100 N in 10 N graduations), load indicator ring, cap (removable; spare penetration needles contained in the grip), penetration needle, and spring mounted in the penetrometer grip as shown Figure 5 .
The needle of the penetrometer is pushed into the rock until a force of 100 N is reached and the penetration depth is measured from the position of the plunger on the penetration scale. The maximum penetration depth (10 mm) may be attained for softer and saturated rocks before the maximum penetration force is reached. In this case, the test stops at this depth, the penetration load is read from the load scale, and the NPI is calculated from the following equations: where NPI is the needle penetration index (N/mm), F is the applied load (N), and D is the depth of penetration (mm) (Ulusay et al., 2014) .
The needle penetration tests were carried out on the coal samples that failed in the point load tests (Figure 6 ). The tests were carried out on the top and bottom surfaces of the specimens at least four times and the results averaged to pair up with the corresponding UCS values for that particular specimen.
The descriptive statistics of the test results are listed in Table III . The skewness values of each test are also given. In
The needle penetration test for predicting coal strength 589 VOLUME 117 The UCS and average NPI values were analysed using the method of least-squares regression. Linear approximation was executed to check the correlation between the UCS and NPI, as shown in Figure 9 . The UCS increases with increasing NPI. The equation and the correlation coefficient of the relation (r) are:
L
Although the data points are a bit scattered, the correlation coefficient is high enough for the estimation purposes. The scattering is probably due to the brittle nature of the coal.
Aydan (2012) showed that the conversion factor for the UCS-NPI relationship ranged between 0.06 and 0.7 and most of the data points were concentrated around the regression line with a slope of 0.2. In this study, the conversion factor of 0.35 (Equation [6] ) falls in the range defined by Aydan (2012). In order to make a comparison, Equations [1]- [3] and [6] were plotted ( Figure 10 ). Equation [6] indicates almost the same trend as the models derived by Ulusay and Erguler (2012) and Aydan and Ulusay (2013) . There is a small difference between Equation [6] and the model derived by Aydan (2012) . The derivation of a general equation for all rock types is difficult. Aydan (2012) stated that the conversion factor for the UCS-NPI relationship should be evaluated for each rock group separately in order to improve the correlations.
The correlation coefficient of the derived equation is good, but this does not necessarily identify a valid model. For this reason, the validation of the relationship was checked by the t-test and the F-test.
The significance of r values can be determined by the ttest, assuming that both variables are normally distributed and observations are chosen randomly. The test compares the computed t-value with the tabulated t-value using the null hypothesis. In this test, a 95% level of confidence was chosen. If the computed t-value is greater than tabulated tvalue, the null hypothesis is rejected. This means that r is significant. If the computed t-value is less than tabulated tvalue, the null hypothesis is not rejected. In this case, r is not significant. As seen in Table III , the computed t-value is greater than tabulated t-value. Therefore, it can be said that the derived equation is valid according to the t-test.
The significance of regressions was determined by the analysis of variance. In this test, a 95% level of confidence was chosen. If the computed F-value is greater than tabulated F-value, the null hypothesis is rejected, and there is a real relationship between the dependent and independent variables. The computed F-value is greater than the tabulated F-value, as shown in Table IV . Therefore, it is concluded that the derived equation is valid according to the F -test.
The needle penetration test for predicting coal strength L 590 VOLUME 117 Point load and the needle penetration index tests were carried out on Çayirhan coal specimens in the laboratory in order to investigate the predictability of coal strength from the needle penetration index. The regression analysis indicated that there is a linear relationship between uniaxial compressive strength and the needle penetration index, and the correlation coefficient is high. The statistical tests also show that the derived relationship is significant. The derived correlation shows a similar trend to those found in the literature. It is concluded that the strength of Çayirhan coal can be predicted easily from the needle penetration index by using the derived correlation. Further research is necessary to check if the derived equation is valid for other coal types. 
